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Abstract 
Different geographical locations and different climates provide different benefits to adding a green roof. The research 
question is whether a green roof’s purpose and efficacy is affected by different climates, or even same climates but 
different geographical locations. The independent variables that must be considered are climate and location, which 
are relevant from the standpoint of policies that drive adoption. The method is a literature analysis/meta-analysis in 
which similar studies are compared/contrasted with respect to their findings. The outcome is a determination of (a) 
whether there are differences; and (b) possible factors influencing those differences. The impact will be to (a) 
understand the factors influencing policy planning, and (b) develop policies to encourage the diffusion of this 
technology in locations and contexts where it will be most effective.  
 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The adoption of green roofs or living roofs is a growing trend since the 1960s. After gaining popularity in 
Europe, most of the world is now familiar with this green infrastructure as part of the sustainable design of a 
building. Green roofs are part of the green infrastructure which uses vegetation, soil, and natural processes to 
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manage water and create healthier urban environments [1]. Such roofs are of particular interest due to the following 
reasons: 
• Storm water management. 
• Urban heat island effect. 
• Summer cooling/winter heating. 
• Roof membrane longevity improvement. 
• Noise reduction. 
• Providing wildlife habitat and natural biodiversity enhancement. 
• Amenity value, aesthetics and marketing. 
1.1. Green Roofs 
Green roofs can be constructed in almost every climate with different functional emphases. In wet urban areas, 
the main focus is on stormwater management. The city of Chicago realized by 2004 that they could not manage the 
city’s stormwater runoff on their own which is why they asked for the cooperation of private developers to add 
sustainable features to the design of buildings, including green roofs [2]. Another potential benefit of this technology 
is its ability to moderate heat gain in urban environments. New York City, for example, is characterized by an 
annual average difference of temperature of 2.5 °C between urban and rural sites [3]. A study of New York City’s 
heat effect found that increasing land cover and green roofs lowered the citywide surface urban air temperature by 
0.4°C on average and 0.7°C at 3:00 pm when the greatest temperature reductions tend to occur [4]. Green roofs also 
offer thermal benefits with regard to moderating temperatures inside buildings on which they are installed. For 
instance, a study conducted on the thermal properties of green roofs in the Loutraki region of Greece showed that: a) 
the measured temperature inside the building with the green roof was less than the one measured inside the building 
with a traditional roof, b) heat insulation performance of green roofs is considerable for buildings with little to no 
insulation, and c) the estimated heating and cooling loads are lower in the building with green roofs regardless of 
insulation [5].  
From those examples, it seems like a trend emerges as to the primary uses of green roofs: in Chicago, green roofs 
are being encouraged to manage stormwater, in New York, to alleviate urban heat island effect, and, in Greece, to 
provide better thermal comfort inside a building. Since these cities have different relative climates, climatic 
conditions could offer one explanation for the justification to the function of a green roof, i.e., in rainy climates, a 
green roof is used to reduce stormwater runoff while in hotter climates, green roofs are mainly constructed to 
provide thermal comfort and energy reductions in a building. 
This paper compares the uses of green roofs in different parts of the globe with similar climates to determine the 
potential influence of climate on green roofs. 
1.2. Climate 
Merriam-Webster defines climate as being the “the average course or condition of the weather at a place usually 
over a period of years as exhibited by temperature, wind velocity, and precipitation” [6]. Weather is further defined 
as “the state of the atmosphere with respect to heat or cold, wetness or dryness, calm or storm, clearness or 
cloudiness” [7]. Therefore, typical weather patterns of geographical areas are associated as having the same climate 
based on observed weather over the course of several years. Several climatic regions around the world are identified 
mainly by the precipitation and temperature information as reported in Table 1. Studies included in the meta-
analysis conducted in this paper have been selected and compared based on the climate where the green roof was 
studied. 
Table 1 . Classification of climate according to the Köppen-Geiger map [8] 
Climate Precipitation Temperature 
Equatorial Desert Hot arid 
Arid Steppe Cold arid 
Warm temperate Fully humid Hot summer 
Snow Summer dry Warm summer 
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Polar Winter dry Cool summer 
 Monsoonal Extremely continental 
  Polar frost 
  Polar tundra 
 
2. Methodology 
To establish a viable comparison, we will compare studies of green roofs that are: a) peer-reviewed, b) fall under 
the same climate region but not necessarily in the same geographical location, and c) have the same primary 
function for the green roof. Primarily, we are interested to see whether the climate-specific benefits sought from 
green roofs in each climate are consistent across studies.  
According to the the Köppen-Geiger climate classification, the major climates are equatorial, arid, warm 
temperate, snow and polar climates [8]. We selected to focus on equatorial, warm temperate and snowy humid 
climates because those are the climate classifications where we found peer-reviewed publications to compare. 
The key variables include average annual precipitation/snowfall, average temperatures, latitude and longitude and 
the data related to the benefit of green roof (stormwater retention percentages, energy savings or improvement of 
urban heat island temperatures). Latitude and longitude, as defined by the Merriam-Webster dictionary are: 
• Latitude: angular distance from some specified circle or plane of reference as an angular distance north or 
south from the earth's equator measured through 90 degrees [9]. 
• Longitude: angular distance measured on a great circle of reference from the intersection of the adopted 
zero meridian with this reference circle to the similar intersection of the meridian passing through the 
object [9]. 
 We have selected to focus on 7 studies (Singapore, Brazil, Greece, France, Canada, Sweden and the USA). The 
studies from Singapore, Singapore and Rio de Janeiro, Brazil will be compared together based on the equatorial 
climate, the studies from Loutraki, Greece and La Rochelle, France will be compared together based on warm 
temperate climate and the studies from Toronto, Canada, Lund, Sweden and East Lansing, USA will be compared 
together based on the snowy, humid climate.  
In selecting studies to compare, we had to: 
• Find at least 2 studies in a specific climate in different countries to make the comparison more global 
• Find studies for which results can be comparable, i.e., same criteria to compare. 
We ultimately selected papers based on the following criteria: 
• Same climate classification 
• Same criteria to compare 
• One study per country 
It is worth noting that a large volume of the peer-reviewed studies originated from North America, followed by 
some publications from Europe and a few from South America, Asia and Australia.  Since only one study was 
sought from each country, studies were screened based comparability with other studies. 
In the assessment section, we will discuss the correlation of the results studies with existing policies in the selected 
countries. Our assessment of the policies will mainly rely on information found on the web pertaining to each of 
these countries on the local and regional levels. Information on policies was in the form of news articles, reports on 
the state of policies with regards to green roofs, and peer-reviewed literature as well as governmental websites when 
applicable. 
3. Findings 
We compiled a list of seven studies to compare the benefits of green roofs in three different types of climates. We 
compared the peak flow reduction in two studies from Singapore and Brazil, indoor air temperature and annual energy 
demand decrease in the studies from Greece and France, and the annual flow volume (stormwater) reduction in the 
studies from Canada, Sweden, and USA. 
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3.1. Singapore, Singapore and Rio de Janeiro, Brazil 
Singapore and Rio de Janeiro both have a climate classification of Am/Af (equatorial monsoonal/ equatorial fully 
humid) according to climate-data.org [10]. Laar and Grimme [11] and Qin et al. [12] studied extensive green roofs 
and their retention of stormwater runoff. Laar and Grimme set up test four test plots (two fiber cement and two 
concrete roofs) on the roof of the Maracaña complex in Rio de Janeiro. The observation lasted 9 months. Qin et. al 
set up their study on the roof of Nanyang Technological University using three test plots. The observation lasted 5 
months. Table 2 compares values for the variables of interest from these two studies. 
The peak flow reductions after rain events are similar, which would suggest a similar annual stormwater retention 
in both locations. However, Singapore almost double the rain than Rio de Janeiro, which could lower the efficiency 
of the annual stormwater retention factor. 
. 
Table 2 – Comparison of values between Singapore, Singapore and Rio de Janeiro, Brazil 
Data points Singapore, Singapore [12, 13] Rio de Janeiro, Brazil [11, 13] 
Study period June 2012 – November 2012 January 2004 – September 2004 
Average annual precipitation in mm 2378 1278 
Annual high temperature in °C 30.7 29.8 
Annual low temperature in °C 21 20.8 
Longitude 103.86 -43.23 
Latitude 1.29 -22.90 
Stormwater retention in % -- 60.3 
Peak flow reduced in % 65 61 
 
3.2. Loutraki, Greece, and La Rochelle, France 
Loutraki and La Rochelle have a climate classification of Cfa/Cfb (Warm temperate, fully humid, hot summer/ 
Warm temperate, fully humid, warm summer) according to climate-data.org [10]. Niachou et al. [5] and Jaffal et al. 
[14] studied the thermal properties and energy performances of extensive green roofs in these locations. Niachou et 
al. observed the effects of a green roof of a Loutraki hotel while Jaffal et al. simulated the effects of a green roof on 
a single-family house. Table 3 compares values for the variables of interest from these two studies. 
Both studies show a decrease in energy use with the installation of intensive green roofs, especially on the studied 
building that lacked good insulation [5].  
Table 3 - Comparison of values between Loutraki, Greece and La Rochelle, France 
Data points Loutraki, Greece [5, 13] La Rochelle, France [14, 13] 
Study period 30 June – 17 August 2000 June – July 2003 
Average annual precipitation in mm 517 519.6 
Annual high temperature in °C 22.3 16.25 
Annual low temperature in °C 10.3 11.25 
Longitude 22.98 -1.15 
Latitude 37.98 46.17 
Indoor air temperature decrease in 
°C 
2 2 
Annual energy demand decrease in 
% 
4-7 6 
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3.3 Toronto, Canada, Lund, Sweden and East Lansing, Michigan, USA 
Toronto, Lund, and East Lansing have a climate classification of Dfa/Dfb (Snow, fully humid, hot summer/ 
Snow, fully humid, warm summer) according to climate-data.org [10]. Liu and Minor [15], Bengtsson et al. [16] and 
Van Woert et al. [17] observed the average rainfall retained by the green roof over a period of time in these cities. 
Liu and Minor constructed an experimental facility on one of the roofs of the National Research Council campus. 
The roof was divided in to two areas: green roof and reference roof. Bengtsson et al. studied the runoff from a green 
roof in Lund and Van Woert et al. constructed three roof platforms (vegetated, non-vegetated and gravel) to observe 
and compare the stormwater retention of the three roofs. Table 4 compares the values from those studies. In 
Toronto, Canada, the annual reduction of flow volume is higher than in Lund, Sweden. Both values trail East 
Lansing, Michigan.  
Table 4 - Comparison of values between Toronto, Canada and Lund, Sweden 
Data points Toronto, Canada [15, 
13] 
Lund, Sweden [16, 18] East Lansing, MI [17, 
13] 
Study period May 2002 – May 2004 July 2001 – December 2002 28 August 2002 – 31 
Oct 2003 
Average annual 
precipitation in mm 
475.2 587.6 806 
Annual high temperature in 
°C 
13.3 11.75 14.1 
Annual low temperature in 
°C 
5.1 4.16 3.9 
Longitude -79.42 13.18 -84.5789 
Latitude 43.7 55.7 42.7803 
Annual flow volume 
(stormwater) reduction in 
% 
57 46 60.6 
    
4 Green Roof Policy Trends by Location 
From the results above, the first conclusion that can be made is that a green roof’s efficacy in terms of metrics 
evaluating key impacts in each climate remains similar, despite different geographical locations, across the same 
climate. Results were either the same across the studies or, in cases where discrepancies were noted, those 
differences could possibly be explained by other factors such as variations in the lengths of the studies.  
With regards to policy making, climate-specific benefits of green roofs do not appear to consistently drive 
policy across the locations studied. For example, as a result of a 2004 study commissioned by the city of Toronto, 
the Toronto city council put in place bylaws in 2009 to require and govern the construction of green roofs in new 
developments  (commercial, residential and industrial) [19]. In contrast, Sweden, which has a similar climate, does 
not have regulations or policies driving the adoption of green roofs, although the city of Malmö is attempting to 
improve the adoption of green roofs by implementing a “green space factor” system and the city of Stockholm is 
reducing its stormwater fees based on the annual amount of storm water discharge per building [20]. Even with the 
clearly positive results of the East Lansing study, the state of Michigan does not have clear policies and regulations 
to govern the construction of green roofs. Based on this evidence, there does not seem to be a strong connection 
between climate-specific benefits of green roofs and the existence of policies to incentivize their use. 
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Some might argue that there is a relationship between GDP and prevalence of green roofs in a location, given the 
perception that green roofs are more expensive than conventional roofs. The adoption/diffusion of green roofs could 
be closely related to the GDP in a given country, mainly because of their cost: in the US, intensive green roofs range 
from 8-15$/square foot with an annual maintenance cost from 0.7-1.5$/square foot [1], which is significantly higher 
than conventional roof alternatives (average cost of a shingle roof is between $5.43 and $7.05 [21]). In Figure 1, the 
GDPs of the USA, Canada, Sweden, France, Singapore, Brazil and Greece are shown [22]. 
Figure 1 - GDP trends in US $  
Given their relatively lower GDP, Greece and Brazil are not be able to afford widespread diffusion of green 
roofs at the time being, especially considering the fact that since 2010, Greece has been facing a severe debt crisis 
[23]. However, this does not appear to be the case in the USA and Canada, since they both have relatively higher 
GDPs and both countries have policies to encourage the use of green roofs. The Environmental Protection Agency 
(EPA) has a survey on its website of the green roof legislation, policies and tax incentives in North America [24]. 
While there are no policies that exist on the national level in the U.S. or Canada, some states and cities have policies 
in place that have encouraged broader adoption of green roofs. This suggests that there could be a relationship 
between a country’s economic health and its motivation to adopt technologies with initially higher costs but longer 
term benefits.  Hence, high GDP and policies, with regards to green roofs, are not applicable to the USA and 
Canada.  
Singapore ranks amongst countries with high GDPs. Still, it does not have legislation or policies in place to 
regulate the construction of green roofs; however, Singapore has agreed to reach 50 hectares of Skyrise Greenery 
area by 2030. This will be done with the use of financial subsidies and incentive scheme for roofs [25]. 
On the other hand, France approved a law in March 2015 which states that all new buildings in commercial 
zones must be partially covered by either green roofs or solar panels [26].  
 
5 Conclusion 
 
In this paper, we have compared the use and the results of several studies about green roofs from across the 
world with the same weather pattern. In particular, we have compared the following studies: a) in the USA, Canada 
and Sweden that fall under the snowy, fully humid weather, b) in Greece and France in a warm temperate and fully 
humid weather, and c) in Singapore and Brazil in an equatorial climate. From those studies, we have concluded that 
positive results are comparable between the studies in the same climate classification with minor differences. After 
further comparing the GDPs of countries compared to the existence of formal policies to promote green roofs, we 
found that even countries with high GDPs did not consistently adopt policy promoting this technology that has 
documented benefits and positive results. Based on the findings of the study, there appears to be no consistent 
relationship between climate or location in which benefits are observed and the existence of policy that promotes the 
technology to take advantage of those benefits. 
Many factors exist that influence both the adoption of green innovations and the development of policies to 
promote that adoption. This study has provided a first step to explore whether any consistency can be observed 
across locations with regard to documented benefits of one green innovation (green roofs) and with regard to 
policies incentivizing the use of that innovation in each climate where benefits were documented. Future research to 
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investigate other socio-economic factors and their direct impact on policy making, with regards to green roofs, may 
help to better understand what drives the creation of policies to influence the adoption of green innovations, and in 
turn, the benefits that could derive from broader adoption as a result. 
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